0T FILE COPY

h
U

i
N el

AD-A197 072

RO AR R R LW W W W W W W T W Wl M Ol WY X

OFFICE OF NAVAL RESEARCAH

Contract NOOOl4-84-K-0658

R&T Code 413a003--01

Technical Report No. 4

Homogeneous Catalytic Production of Hydrogen
and Other Molecules from Water-DMF Solutions

by

James Y. Yu, Serge Schreiner, and L. Vaska®

DTIC

cory
INSPECTED

6

Acceséfgguisr ;
"NTIS GRA&I E

DTIC TAB

Unannounced a

Justification

By.

Distribution/

Availability pggfs
TAavail and/or

Reproduction in whole or in part 1is permitted for
any purpose of the United States Government

This document has been approved for public release
and sale; its distribution is unlimited.

Dist Special
Al
Y ,Q .8 In ‘f\" N ‘ ;\“' (3

Prepared for Publication
in

Organometallics

Clarkson University
Department of Chemistry
Potsdam, NY 13676

July 8, 1988

g¢

i e

ey

------

\
t

'
.l

g



PRI R SR R A R A LR S Tt AR T U SR PR AR MO TG S TR W UK * bt B8 020 0 A0 4 AT R 8t OO by g% ATp dVa Al AUy ats fig ¥y fUocata‘ghy gt

N
)
N
! REFRULWULCW Al GuVerinMENIT EAFEINDIE
3 :
: ‘
4 Unclassified :
Y SECURITY CLASSIFICATION OF “His PAGE ’
¢ -
! _ - REPORT DOCUMENTATION PAGE .. .-
. 1a. REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
o Unclassified
.: 2a. SECURITY CLASSIFICATION AUTHORITY 3. OISTRIBUTION/ AVAILABILITY OF REPQORT
}
g
'9 2b. DECLASSIFICATION / DOWNGRADING SCHEDULE Approved for public release and sale; its
t distribution is unlimited
4. PERFORMING QRGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
N
s: No. 4
:. 6a. NAME QF PERFORMING QRGANIZATION 6b. QFFICE SYMBOL 7a. NAME QF MONITORING QORGANIZATION
) ' (If applicable)
\ .
: Clarkson University Office of Naval Research
6¢c. ADDRESS (Cty, State, and 2IP Code) 7b. ADORESS (City, State, and ZIP Code)
. Department of Chemistry (L. Vaska) ’
y Clarkson University 800 North Quincy Street
‘ Potsdam, NY 13676 Arlington, VA 22217 :
%t 8a. NAME OF *UNDING/SPONSORING 8b. QFFICE SYMBOL 9. PROCUREMENT INSTRUMENT 10ENTIFICATION NUMBER '
;{ QORGANIZATION 4 (If applicable)
& ONR 413 NOOO14~84-K-0658
8¢c. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FIINDING NUMBE3S
o> PROGRAM- PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. ACCESSION NO
) N .
% See 7b
( 11. TITLE (Inctude Secunty Classification)
Homogeneous Catalytic Production of Hydrogen and Other Molecules from Water-DMF Solutions
n 12. PERSONAL AUTHOR(S) *
N James Y. Yu, Serge Schreiner, and L. Vaska :
5 13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE QF REPORT (Year, Month, Day) |15. PAGE COUNT
; Technical FROM 70 1988/7/8
) 16. SUPPLEMENTARY NOTATION
s Submitted for publication in Organometallics
0: 17 COSATI CODES 18. SUBLECT TERMS (Continue on reverse f necessary and identify by block numaer}
) SigLD GAOUP SUB-GROUP '
iy Homogeneous Catalysis, Water, N,N-dimethylformamide,
b Hydrogen, Carbon Dioxide, Dimethylamine, Metal Complexes

19 ABSTRACT (Continue on reverse !f necessary and idenufy by bltock number)

The reaction between water anc N,N-dimethylformamide (DMF) at 100°C under nitrogen (<l
atm) mediated by several metal complexes in homogeneous Hp0-DMF solutions proceeds as follows:
Hy0 + HC(O)NMep » Hy + CO MegNH (in some cases, CO is also obtained as a minor product). One
half of the COy produced reacts rapidly in situ with essentially all of the MejNH to give
[MeoNH,]*(MepNC(0)0™], so that the observed yields behave as 1 Hp:~0.5 COp:~0 MeoNH. The metal
Wy complexes used include [Ru(C2)3L3], [Ru(H)(CL)(CO)L3], [Os(H)(CR)(CO)L3], [Rh(CL)(CO)Lj,
(Ir(C2)(CO)Ly] (L = Ph3P), and [Pty(u-dppm)3] (dppm = PhypPCH2PPh;). The latter is the most
i active catalyst with turnover aumbers up to 40 (Hp/complex/day). Variation of the starting
Hy0-DMF ratio (1:24 to 1:0.67) shows that maximum yields result when Hp0:DMF = 1:1. Initial i
addition of CO retards the reaction significantly. The various possible routes of this comple:
catalytic system are briefly examined.

i

20 DJISTRIBUT.CN/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECLRITY CLASS/FCATION !
E LaciassiFieoaunumtes [ same ag 207 Mao-c _<z2¢ nclassified

22a NAME QF RESPONSIBLE ‘NOW.DUAL 22b. TELEPHONE (Incluge area Coge) | 22¢. QFFCE SYMBOL :

L. Vaska 315-268-2393/2389 l

DD FORM 1473, 38 vaRr 33 APR ea:ion May DE used uNT:l @xnausten. SECUAITY CLASSIFICATION OF wi§ IAGE |
All other 2ait:ons are obsolete. |

SR R

. ‘ A

8

’ ~ .y PR g AN VLW IUR WAV EF I Qi 3 - - o . 0 AN RO
BN MO Y """~‘h'~“.c|-‘.’.l'\ ’ A IAOAA ‘. Y i) ‘:‘ ‘!.‘l.l. .a... e OO AN X LX) IO e e il u.l.l'l. U0 "5




4
J
ud
4
»

toe 8r ke ba

YR

N Y UM A U N R A R R N R U VU RO YR f DU #.4 0)8 =i vad vay vaWa- AL -RVe @Vs yea §", YR Y YR

Homogeneous Catalytic Production of Hydrogen and Other Molecules from

P T R T 2 R T P P I I O T U P U

O . VI WP R

A e e e A R Y R e e e e e e A A e e A e v e s e Y e A e e

Department of Chemistry, Clarkson University, Potsdam, New York 13676

Received

e o
4 i

Summary: The reaction between water and DMF at 100$C under nitrogen (<1
atm) mediated by platinum, ruthenium, osmium, rhodium or iridium complexes
leads to the evolution of H, €O, and CO as a minor product; Me)NH is also
obtained, but it reacts in situ with one half of the CO7 produced to yield
[Mé}NH§]+[MééNC(O)O]'. The various possible steps in this complex catalytic

system are briefly examined. |- L
A

We wish to report a non-photochemical, non-electrochemical catalysis of
hydrogen evolution from aqueous solutions at mild conditions. The recent
indirect observations that the catalytic synthesis of N,N-dimethylformamide
(DMF) mediated by a platinum cluster complex, [Pty(u-dppm)j]

(dppm = PhpPCH)PPhp) 1is reversible (eq 1),! has led us to investigate the

[Pt (u-dppm) 3]
C02 + Hz + MQZNH <

> HC(0)NMep + Hp0 (1)

reverse reaction by starting with water and DMF as the initial reactants.
While the study of the "reverse reaction' of a synthetic process has long

been practiced in heterogeneous catalysis,2 it appears that in homogeneous
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systems such reactions have rarely been observed3 or even attempted, {i.e.,
by using the "products" as starting materials.%
The results of the catalytic reaction between Hy0 and DMF are

summarized in eq (2-4) and Table 1.5 (i) Entries 1-3 refer to blank runs in

metal complex
Ny, 100°C

Hp0(2) + HC(O)NMey (%) > Hp(g) + COp(g) + MesNH(e) (2)

o

MeoNH(g) + 0.5C05(g) ;%%%ggz 0.5[MeoNHy ]+ [MeoNC(0)0]~(cr) (3)

metal complex
N, 100° 25°C

Eq (2) + (3): H0(2) + HC(0)NMe;(2) > Hy(g) + 0.5C07(g)

+ 0.5[MepNH]*[MeoNC(0)0]~ (cr) (4)

which one or more of the catalytic reactants were absent. (ii) The
remainder of the data (entries 4-14) shows evidence for the catalysis,

eq (4). The majority of the experiments has invoived [Pty(u~dppm)3] as

the catalyst precursor, as this species was found to be the most active
complex tested. (iii) According to eq (2), the yields of the three
products, Hp, CO3 and MejNH, are expected to show these ratios: 1:1:1.
Instead, we note throughout Table I that the observed yields consistently
behave as 1 Hp:~0.5 CO9:~0 MeoNH. The interpretation of this apparent
discrepancy is given in eq (2-4). The non~catalytic, spontaneous, and rapid
formation of carbamate (eq 3) represents a common reaction between COp and
amines or ammonia,’/ but the equilibrium of reaction (3) is very senmsitive to
temperature-pressure variations. In the present case, CO; and MejNH are
catalytically produced in the hot solution where they remain dissociated,

then enter the gas phase (their solubilities are minimal at 100°C), and
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travel to the colder regions of the reactor where the reaction occurs

(eq 3), as evidenced by the appearance of white crystals of carbamate on the
condenser's surface. (iv) With most of the metal complexes used, the
catalytic rates have been found to decline with time within the periods of
observation (usually 6 days), attributable to catalyst deactivation. For
the Pt compound (entries 4, 6-9), a likely candidate for this process is the

reaction of [Pto(u-dppm)3] with carbon monoxide (eq 5) which has

[Pto(u-dppm)3] + 2CO 2 [Pt(CO) 9 (p-dppm)3] (5)

been established in separate experiments.8 Carbon monoxide is a definite
inhibitor for reaction (2) as demonstrated by the comparison of runs 4 and
5, and some CO is always found in the reaction mixtures involving the
platinum catalyst (Table I). (v) A number of experiments was carried out in
which the ratio of the reactants, Hy0:DMF, was varied (entries 4, 6-9). It
is seen that the yields are dependent on the initial concentrations of H50
and DMF, and that the rate becomes maximum for the ratio 1:1 (entry 8), in
agreement with the stoichiometry given in eq (2).

For the overall reaction between Hy0 and DMF (eq 2), there are several
possible routes from the reactants to products, e.g., eq (6-8) or some
combinations thereof. Note that the routes considered here do not refer to
mechanisms, which would require the inclusion of elementary steps of
reactant-catalyst-intermediate interactions within each type of reaction
path. Some mechanistic studies of the catalytic DMF synthesis (eq 1, but
with other complexes) have been reported before, 9,10 including a detailed
kinetic investigation using [Rh(C%) (Ph3P)3]} as the catalyst precursor,lo but

no definite conclusions as to the reaction course were reached.
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A. Carbon monoxide route:
HC(O)NMey; T—2 CO + MepNH (6a)
CO + Hp0 =—2 Hy + COp (6b)
B. Formia acid route:
HC(O)NMe, + Hy0 ==—2 HC(0)OH + Me yNH (7a)
HC(0)OH z—2> Hy + CO, (7b)
C. Carbamic acid route:ll
HC(O)NMey + H90 T——2 Hp + Me)NC(0)OH (8a)
MeoNC(0)OH =2 €Oy + Me,NH (8b)
Except for eq (8a), all of the individual processes indicated have
precedents in previously observed reactions involving the respective
species. At present, there appears to be no definite evidence for the
support of any of the possible routes shown (4,B,(C), but the results,
together with some auxiliary data (not included here) and associated
arguments, tend to disfavor 4 and 5. In regard to the question of the
source of hydrogen atoms in the product Hy (eq 2), mechanistic
considerations suggest that if route B or ( is operative, one atom would
originate from DMF (#-C(0)NMe;) and the other from water, while in the case
of route A, Ho0 is obviously the source for both hydrogens. Discrimination
between the different routes by the use of deuterated species (D0,
DC(0)NMey) would be difficult due to the known H-D exchange reactions
involving N-H and O-H bonds and catalyzed by the same or similar complexes
as employed in the present study.9’14 Further work is in progress, and
detailed results, together with a discussion of mechanisms for both the
forward (eq !) and reverse (eq 2-4) reactions, will be reported in a
subsequent communication.
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Table I. The reaction Between Water and DMF under

reactants, mL products, turnover number®

entryd Ho0  DMF metal complex pMAS

[Pty (u-dppm) 3]

[Pty (u-dppm) 3]

[Pty (u-dppm) 5]

[Pty (u-dppm) 3]

[Pty (u-dppm) 3]

[Pty (u-dppm) 3]
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Table I continued

9a 30 20  [Ptp(u-dppm);] 1 15 6.6 0.24 0.56
g9b 2 7.4 3.4 0.06 0.33
10 10 40  [Ru(Cl)(Ph3P)3] 3 2.5 1.0 (0) 0

11 10 40  [Ru(H)(C1)(CO) (Ph3P)4] 3 2.8 1.7 (0) O

12 10 40 [Os(H)(Cl)(CO)(Ph3P)3] 2 2.5 1.5 0.12 0

13 10 40 [Rh(Cl)(CO)(Ph3P)2] 1 3.0 1.4 (0) 0
14 10 40 [Ir(Cl)(CO)(Ph3P)2] 1 9.2 4.6 (9] 0

AThe pressures in different experiments ranged as follows: (i) initial
(Np) at 25°C, 500-670; (ii) at the conclusion of the first 24-h reaction
period at 100°C, 615-900 (increase due to product gases and temperature
increase); (ii1i) +Ap after the first 24-h reaction period at 25°C, 5-180
torr (due to gaseous products); the latter range reflects the variation of
yields as well as the different total volumes of the closed systems used
(522-718 mL). bror experimental procedures and analytical methods, see
ref. 5. €Yield of product (mol) per metal complex (mol, introduced
initially) per day (24-h reaction period). Where data are given for several
reaction periods of the same experiment, the turnover number (TIN) represents
the total cumulative yileld divided by the number of days indicated. 1N,
+10-157. (0) = trace amounts detected, quantification not meaningful.
dEach number refers to a separate experiment, the letters (a,b,c,...) refer
to sequential data obtained within that experiment. ¢24-h reaction period

at 100°C, see ref. 5. ISDMA = Me)NH, see eq 4. YReaction carried out under

CO, 550 torr (initially at 25°C).
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manometer in the closed, constant volume apparatus. Typically, after a 24-h
period, the solution was cooled to room temperature, the pressure change
recorded, and gas and liquid samples were taken for analysis. Gaseous
samples were withdrawn via the vacuum system into an evacuated IR cell and
analyzed by IR (qualitatively and semiquantitatively, COp, CO, MepNH (if
detectable)), and then quantitatively by GC by using a hot wire detector and
a stainless steel CTR 1 column packed with an activated molecular sieve
(outer column) and a Porapak mixture (inner column); a Porapak Q column was
used as reference. The yields of the gaseous products (Table I) represent
those found in the gas phase (major fraction) plus small amounts dissolved
in solution;6 since no data are avallable for DMF-H90 solutions, the
solubilities in DMF and Hy0 were used separately and combined according to
the individual volumes of H90 and DMF employed (Table I). Liquid samples
were withdrawn through a serum cap covering the side arm and analyzed by a
GC flame ionization detector and using a Carbowax 20 M + KOH column.
Subsequently, new Ny was added to the system (to compensate for the pressure
decrease due to the gas sample withdrawn), and the solution was re-heated
for another 24-h period, etc. The time interval at 25°C, between two
reaction periods, was 1-4 h.

(6) Gas solubility data from Landolt-Bdrnstein Zahlenwerte und
Funktionen, 6th ed.; Springer: Berlin, 1962; Part IIb, Chapter 22261.

(7) E.g., Wright, H.B.; Moore, M.B. J. Am. Chem. Soc. }?§§, 70, 3865,
and references therein.

(8) (a) Eq (5) is based on CO uptake measurements in toluene solution,
CO:Pt) = 2, The resulting dicarbonyl complex shows a vpg = 1940 em-1,

suggesting that the CO's occupy the two terminal coordination sites,8b in

accordance with the molecular structure of [Ptz(u-dppm)3].8c The
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